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ABSTRACT 
Duration  and  amplitude of normal and prolonged action potentials from single 
nodes of Ranvier vary as functions of potential changes induced by currents from an 
external source. The quantitative relations between externally applied potential and 
the resulting potential generated within the system are analyzed in order to obtain 
information  about  the  kinetics  of  the  electromotance,--potential,--and  chemical 
changes  taking place during  excitation.  The  following  preliminary conclusions  are 
drawn: 
A  depolarizing  and a  repolarizing  process (positive and negative electromotance) 
increase  and decrease  with the potential.  For a  sudden potential  displacement  the 
negative  electromotance reaches  its  new  value  at  a  faster rate  than  the  positive 
electromotance. Since  the  individual values of the  two electromotances depend  on 
the potential and since they both generate a potential  which is proportional to the 
difference of their absolute values, the values of either electromotance are determined 
by this difference as well as by any externally induced potential change. 
INTRODUCTION 
In excitable tissues such as nerve and muscle the chemical changes which 
take place during activation are intimately linked to variations of the potential, 
and an analysis of the kinetics of the chemical changes seems feasible on the 
basis of a  detailed knowledge of the potential changes. As a  first step in this 
analysis the potential changes generated by the excitable system were studied 
as a  function of currents passed through  the system from an external source 
(stimulator). 
Prolonged action potentials from single nodes of Ranvier as they were de- 
scribed  in  a  preceding  paper  (Mueller,  1957)  are  especially  suited  for  this 
purpose. This paper gives a description and analysis of the  effects of external 
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currents on duration,  shape,  and  amplitude of normal and prolonged action 
potentials. 
The results  will  serve as  a  basis  for a  theory of electromotance changes 
underlying the action potential which will be presented in a forthcoming paper. 
There is evidence that the cause of the observed potential changes is not the 
flow of the applied current but instead the potential field established within the 
system by the external source. The total potential recorded at a node of Ranvier 
thus contains two components: the passive potential applied from the stimu- 
lating source and the potential generated by the excitable system as response to 
the passive potential change.  The term  "external current" or "external po- 
tential"  denotes that  part  of the  total potential  change which  is  passively 
induced by the external source (stimulator). 
Methods 
The experimental method was essentially the same as that reported in the previous 
paper (Mueller, 1957). Rectangular currents were passed through a single node of one 
dissected  fiber  (bullfrog)  and the developing potential changes were recorded from 
the same node. 
When hypertonic solutions were used to prolong the action potential, spontaneous 
changes in the duration due to the entrance of the glycerin into the fiber must be taken 
into account. Therefore measurements  of duration changes caused  by external cur- 
rents were made at a time when the duration was comparatively stable. In addition, 
the duration was checked before and after the experiment. If the difference between 
the two values was greater than 5 per cent, the experiment was discarded. 
All experiments were made at room temperature (18-23°C.). 
RESULTS 
Changes of Duration 
Fig. 1 shows changes of form and duration in a single node prolonged action 
potential caused by the increase of the stimulating current. In record 1 the 
stimulus (make of a rectangular cathodal current) is just above threshold. The 
action potential is  superimposed upon  the  developing electrotonic potential 
and starts after a latency of 2.5 msec. 
Increasing the strength of the cathodal current affects duration, form, and 
latency of the action potential. The duration increases from 4 msec. in record 1 
to 9 msec. in record 5. The general shape of the rising phase and of the plateau 
does not change. However, the last phase of steep repolarization is lower and 
the positive overshoot, so pronounced in record 1, disappears. Further increase 
of the stimulating current would have comp,etely abolished the last repolariza- 
tion phase; the potential would have fallen continously from the plateau down 
to the level of the electrotonic potential. With increasing stimulus strength the 
latency decreases. PAUL MUELLER  165 
1 
f 
i  ~5  ,rn sec 
FIG.  1.  Increasing duration of single node action potential with increasing strength 
of stimulating current. Node in 2.5 M glycerin-Ringer's, dissected single fiber. Bullfrog. 
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Changes of duration and latency are also seen with the normal action poten- 
tial. This is demonstrated in Fig. 2. Nine successive sweeps were superimposed. 
For each sweep the stimulus strength was increased.  As the latency shortens, 
the action potential becomes prolonged. A comparison between the two spikes 
with longest and shortest latency shows a prolongation of 30 per cent. 
FI6.  2.  Changes  of duration and latency with increasing  stimulus strength. Single 
node in Ringer's. Bullfrog. December 12,  1954. 
From the results obtained with cathodal currents it would be expected that 
a  potential  change  in  the  opposite  direction  (make  of  an  anodal  current) 
~hould  have  the  oppogite effect;  i.e.,  shorten  the  action potential.  This  is  in 
fact so. If the anodal current is made during the action potential,  a  situation 
appears which  is  a  mirror  image of  the  initiation  of the  action  potential  by 
make of a  cathodal  current. The make of an anodal current  can turn  off the 
action potential  after a  certain  latency,  which  depends,  among other factors, 
on the strength of this current. PAUL  MUELLER  167 
This is shown in  Fig.  3.  A  prolonged action potential was initiated  by the 
make of  a  cathodal  current.  1  msec.  after  the  start  of the  action  potential 
constant anodal currents of different strengths were superimposed on the stimu- 
!~ting current.  Five successive sweeps were photographed together. The upper 
FIG. 3.  Shortening  of  the  action  potential  by superimposing  an  anodal  current 
on the stimulating current. Five successive sweeps were superimposed,  Upper trace, 
current; lower trace, recorded  potential. The stronger the anodal current, the shorter 
the action potential. February 10, 1955. 
trace in Fig. 3 shows the current form, the lower one the potential at the node. 
For the longest action potential no anodal current was made.. As the strength 
of  the  anodal  current  is  increased,  the  action  potential  is  shortened.  It  is 
"turned off" with progressively shorter latency. For the shortest action poten- 
tial  anodal  and  cathodal  current  were  equally  strong.  The resulting  current 
form was the same as if the cathodal (stimulating) current had been turned off 168  EFFECTS  OF  EXTERNAL  CURRENT  ON  ACTION  POTENTIAL 
1 msec. after the start of the action potential. As the action potential shortens, 
the positive overshoot at the end becomes smaller and finally disappears. 
If the strength of the anodal current and the latency after which the action 
potential is turned off by this current,  are plotted against each other,  a  curve 
FIo. 4.  Effect of  turning  off the  stimulating  current  at  various  times during  a 
prolonged  action potential. Six sweeps superimposed.  Arrows indicate the moment at 
which  the stimulating current was turned  off. Single node in  2 ~t glycerin-Ringer's. 
Bullfrog.  February 19, 1954. 
results which  has  the  same shape as  a  normal strength-latency curve for the 
initiation of the action potential. 
The latency for turning  off the  action potential by the make of an anodal 
current  depends  not  only upon  the  strength  of  this  current,  but  also on  the 
time after the start of the  action potential at which  the  current is made.  In 
Fig.  4,  a  prolonged action potential is stimulated by the make of a  constant 
cathodal current. The make of an anodal current of equal strength was super- PAUL MUELLER  169 
imposed  on  the  stimulating  current  at  different  times  so  that  the  resulting 
current  form was  the  same  as  if the  stimulating  current  were  turned  off at 
various times during and after the action potential. If this is done near the end 
of the action potential, the potential falls almost immediately after the make of 
the  anodal  current.  The  latency for  turning  off the  action  potential  is very 
FIG. 5.  Effect of changing the level of the resting potential upon the duration and 
form of a prolonged action potential. Five sweeps superimposed.  Trace 3 corresponds 
to the normal resting potential.  Single node in  2 M glycerin-Ringer's. February  12, 
1954. 
short.  As  the  anodal  current  is made  at  earlier  times,  this  latency increases 
progressively so that the duration of the action potential finally reaches a con- 
stant value. An earlier make of the anodal current does not cause any further 
shortening of the action potential.  It has reached its minimal duration,  which 
it would also have had if the stimulus had been a short cathodal shock. The situa- 
tion described here is in a  way a  mirror image of the initiation  of an action 
potential by anodal opening. For stimulation by the break of an anodal current, 
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duration of the anodal current  (e.g.,  Mueller, 1954).  It is shorter for longer 
currents. In Fig. 4  the action potential is turned off by breaking a  cathodal 
current,  and  the  "turn-off"  latency  increases  as  the  cathodal  current  is 
shortened. 
So far it has been shown that a displacement of the potential to the negative 
side increases the duration of the action potential while a displacement to the 
positive side decreases it. Connecting threshold changes and changes of duration 
of  the  action potential,  one  can  state  that  those  currents  which  raise  the 
threshold shorten the action potential, and vice  versa.  Furthermore, the action 
potential is prolonged when it starts from a state of lowered threshold and is 
shortened when it is initiated during a state of raised threshold. For this reason 
an  action potential imposed on a  constant cathodal polarization should be 
longer than normal and constant anodal polarization would shorten the action 
potential. 
This is true in most of the cases.  In Fig. 5 five prolonged action potentials 
were  superimposed  on the  screen of the  oscillograph.  Each  action potential 
started from a different level of constant polarization. The base line of trace 3 
corresponds to the normal resting potential. As the constant polarization level is 
displaced  towards  the  negative  side,  the  action  potential  becomes  longer 
(traces 4 and 5), while a displacement towards the positive side (hyperpolariza- 
tion) is followed by a shortening of the action potential (traces 1 and 2). At the 
same  time  the  latency  changes,  and  the  form  of  the  repolarization  phase 
undergoes the same changes as in Fig. 1. With increasing duration of the action 
potential  the  positive  overshoot  disappears  and  the  repolarization  phase 
becomes  less  steep,  until  in  trace  5  the plateau  falls continuously down  to 
the level of the electrotonic potential. The transition from the plateau to the 
last phase of repolarization always takes place at the same potential. Therefore 
this phase disappears if the electrotonic potential created by the stimulating 
current is higher than this potential. 
Another example of the connection between threshold and duration of the 
action potential is seen during the relative refractory period. Fig. 6 shows pro- 
longed action potentials from an undissected fiber within a small nerve branch. 
The fiber was stimulated 15 mm. away from the first recording electrode by two 
short shocks applied at various time intervals. As the second action potential 
approaches the first, it becomes shorter (records 1 to 5).  Finally conduction is 
blocked and  only the  electrotonic  spread  of  current  generated  by  the  next 
untreated) node is recorded (records 6 and 7). 
The recovery of the duration of the second action potential after the end of 
the first action potential, parallels the recovery of excitability after the action 
potential, i.e.  after a long lasting action potential the recovery of excitability is 
slowed down; the relative refractory period is prolonged. Tasaki (1952) obtained 
similar results for shorter action potentials.  Generally, the longer the action 
potential lasts, the slower is the recovery of both duration and excitability. PAUL  MUELLER  171 
FIG. 6.  Shortening of a  prolonged action potential during  the refractory period. 
Thin  branch of abdominal nerve in  2.5  M glycerin-Ringer's. February  12,  1954. 
So far, the effects of make and break of long lasting currents upon the dura- 
tion of the action potential have been described. It was seen that each had an 
opposite  effect.  From  this  it  should  follow  that  currents  of  short  duration 
compared with that of the action potential have a dual effect on the duration of 
the action potential. A short cathodal current made during an action potential 172  EFFECTS  OF  EXTERNAL  CURRENT  ON  ACTION  POTENTIAL 
FIG.  7.  Records a  to d. Effect of a  short cathodal current of increasing strength on 
the action potential. Single node in 2 ~  glycerin-Ringer's. Bullfrog. December 1, 1954. 
Records  1 to  4.  Effect of short  anodal current on duration of normal action po- 
tential. Single node in Ringer's. Bullfrog. September 17,  1954. PAUL  MUELLER  173 
should on the one hand increase the duration, while on the other hand it should 
have a shortening effect, because its break causes a displacement of the potential 
to  the  positive side.  Since  the  first  effect could be seen  only if the  current 
lasted longer than the action potential, the second effect should prevail and the 
action potential should become shorter. 
Fig. 7, records a to d, shows the behavior of the action potential under such 
conditions. A slightly prolonged action potential was initiated by the make of a 
constant cathodal current. 1 msec. after the start of the action potential a short 
cathodal current of 0.8 msec. duration was imposed on the stimulating current. 
As the strength of this current increased, the action potential became shorter. 
Finally repolarization occurred soon after the end of the short current  pulse 
(record d). 
The dual effect of a  cathodal current becomes  obvious if these records are 
compared with the ones in Fig.  1. There the increasing  strength of a cathodal 
current caused a prolongation of the action potential.  If this is generally inter- 
preted by saying that during this current a process causing the action potential 
is increased or  prolonged, then the fact that  an increase in cathodal current 
strength can also shorten the action potential (Fig.  7) leads to the conclusion 
that  simultaneously a  second process develops which  has  an  opposite  effect 
(that is, a process which causes the repolarization). 
It was shown in  Fig. 3 that a displacement of the potential across the nodal 
membrane to the positive side shortens  the action potential (i.e.  turns it off). 
Therefore short anodal currents should have effects opposite to the  ones seen 
in Fig. 7, records a to d, for short cathodal currents. 
This is indeed so. In Fig. 7, records 1 to 4, an anodal rectangular current of 
0.6 msec. was imposed on the cathodal stimulating current at 0.3 msec. after the 
start of the action potential. As the strength of this anodal current is increased, 
the action potential is turned off with progressively shorter latency. For weaker 
currents  the  turn-off is  incomplete;  the  total  action  potential  is  prolonged 
(records 2 and 3). If the action potential is turned off completely during the 
anodal pulse (record 4), the break of the pulse actually initiates a new action 
potential, and the situation is the same as for anodal break stimulation. 
For the short cathodal pulse it was concluded that during the current flow 
two processes increased,  one which  causes  the  depolarization and  the  other 
which causes the repolarization phase of the action potential. Since the effects 
of anodal and cathodal pulses are opposite one may conclude that during the 
anodal pulse these processes both decrease. This implies that the turn-off of the 
action potential by an anodal pulse is caused by the decrease of the depolarizing 
process and not by an increase of the repolarizing process. On the other hand 
(for anodal opening) the prolongation of the action potential with increasing 
strength of the anodal current must be due to the decrease of the repolarizing 
process  (Fig.  7,  records 2  and 3).  From this it  follows that  the  depolarizing 174  EFFECTS  OF  EXTERNAL  CURRENT  ON  ACTION  POTENTIAL 
FIG.  8.  Records 1 to 4. Effect of short anodal currents superimposed on a constant 
cathodal current. Record 1 shows the action potential initiated by the cathodal current 
alone.  Records  2  and  3  show  the  resulting potential  when a  current  of the  form  in 
record 4 is applied to the node. PAUL  MUELLER  175 
process must have a faster time course than the repolarizing one because if both 
processes decrease during an anodal current a  turn-off of the action potential 
can occur only if the depolarizing process falls faster than the repolarizing one. 
A faster time course for the depolarizing process is also required for the initia- 
tion of the action potential by the make of a cathodal current. If both processes 
rose at the same speed, no potential change would result. The assumption that 
during  a  cathodal  pulse  the  repolarization rises  with  a  finite  speed  is  also 
supported by the finding that with increasing duration of the cathodal current 
the turn-off latency after the break of this current decreases (Fig. 4). 
A peculiar situation arises if a train of anodal pulses is superimposed on the 
stimulating constant cathodal current. Provided that strength, duration, and 
frequency of the anodal currents are "tuned" right, the action potential can be 
turned off and on with frequency far beyond the maximal frequency of stimula- 
tion by short cathodal shock. Fig. 8, record 1, shows an action potential initiated 
by the make of a constant cathodal current. In records 2 and 3 a train of anodal 
pulses was superimposed upon the cathodal current. The entire current passed 
through the fiber had the form shown in record 4. The frequency of the anodal 
currents was about 800/sec. The action potential is turned off and on by each 
anodal pulse.  In record 2 the strength of the pulses was too weak so that the 
turn-on latency increased from pulse to pulse. The third pulse already fails to 
turn the action potential on. In record 3 the pulse strength was slightly increased 
and the action potential followed perfectly. Records a to c show the whole train 
at slower sweep speed. Again the strength of the anodal currents was increased 
from record a to c. In record c the strength of the pulses was slightly higher than 
in record 3, with the result that the amplitude of the action potential stayed 
constant  throughout  the  train.  Under  favorable conditions  (i.e.  appropriate 
relations  between  strength,  duration,  and  frequency of  the  anodal  pulses) 
frequencies over 2,000/sec. can be followed. 
It has  already been mentioned that  the tatency for turning  off the action 
potential by an anodal current depends on the time during the action potential 
at which the anodal current is made. If the current is great, the action potential 
can be turned off at any time during its course. This is shown in Fig.  9.  An 
action potential is initiated by the make of a constant cathodal current. Upon 
this current a short anodal pulse is superimposed. The make of this pulse turns 
the action potential off, while its break gives rise to a new action potential. If 
the pulse is made during the first part of the rising phase, the turn-off latency is 
short (records 1 and 2). A few microseconds later, however, the latency jumps to 
a maximum. This is seen in records 3 and 4, in which the fall of the potential 
shows a pronounced step. This step corresponds to the turn-off latency. 
In  the  following  records  the  step  becomes  less  pronounced;  the  turn-off 
latency  decreases  again.  This  latency  thus  reaches  its  maximum  when  the 
anodal pulse is made shortly before the action potential reaches its crest. 176  EFFECTS  OF  EXTERNAL  CURRENT  ON  ACTION  POTENTIAL 
FrG.  9.  Effect of a short anodal pulse superimposed at various times on an action 
potential initiated by the make of a constant cathodal current. Single node in Ringer's. 
Bullfrog. May 10, 1954. PAUL  MUELLER  177 
The slight discrepancy between the action potential crest and the maximum 
of the turn-off latency results from the effect of the myelin capacity. On the one 
hand the recorded potential lags behind the current. Measurement of the longi- 
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FIG.  10.  Comparison between turn-off threshold,  measured at different times during 
a prolonged action potential, and  the action potential on which  the measurements 
were made. Single node in 2 M glycerin Ringer's. Bullfrog. April 24, 1955. 
tudinal  current  with  a  50  #  recording  distance  immediately near  the  node 
showed a  rising time of 15  to 30 #  sec. while the corresponding figure for the 
potential  varied  between  80  and  120  /z  sec.  On  the  other  hand  the  anodal 
current also does not immediately establish the full potential drop across the 
nodal membrane since the current flows first into  the capacity of the myelin 
stretch between the node and stimulating edge of the middle pool. 178  EFFECTS  OF  EXTERNAL  CURRENT  ON  ACTION  POTENTIAL 
FIG.  11.  Effect of turning off the stimulating current at various times during an 
action potential of a node in 0.5 ~  Na-free KC1 solution, Thin branch of abdominal 
nerve, Rana plpiens.  September 17, 1954. PAUL  MUELLER  179 
More exact information is obtained if the turn-off threshold rather than the 
turn-off latency is measured at different times during the action potential. The 
turn-off threshold is defined as the strength of an anodal pulse which turns off the 
action potential  after a  fixed latency.  For  the  experiment illustrated in Fig. 
10, a latency of 200/z sec.  was chosen. Measurements were made by superim- 
posing an anodal pulse of 200 # sec. duration upon a slightly prolonged action 
potential. The strength of the pulse was varied until the fall of the action poten- 
tial (turn-off) was just complete within the time of the anodal pulse. 
Fig.  10 shows  a  comparison between  the  action potential from which  the 
measurements were taken and the threshold plotted against time. The results 
correspond to those of Fig.  9.  The turn-off threshold rises and falls with the 
action potential. 
An interpretation in  terms of the above conclusions would mean  that  the 
repolarizing process is smallest shortly before the peak of the action potential 
and increases continually during the further course of the action potential. If 
the turn-off threshold is determined by the amount by which the depolarizing 
process exceeds the repolarizing one,  then the potential itself should also be 
determined by this amount, since both potential and threshold have equal time 
courses.  The potential  thus  would  depend  on  the  difference in  the  absolute 
values of the depolarizing and repolarizing process. The fall of the potential 
would result from the increase of the repolarizing process as well as from the 
decrease of the depolarizing process, because, as was shown, the latter decreases 
with a displacement of the potential to the positive side. 
Before drawing any further conclusions the phenomena described thus  far 
for the normal action potential and for action potentials prolonged by water 
extractions will  also be demonstrated with action potentials in KC1 and after 
depolarization. The basic behavior of those action potentials under the influ- 
ence of external currents is indeed not different from the behavior of the normal 
action potential.  This suggests  that,  even if the mechanism underlying both 
action potentials is not the same, at least the generated potential is a similar 
function of the applied current in both cases. Aside from the longer durations, 
the  action  potentials  after  depolarization  and  in  KC1  sometimes  show  an 
atypical behavior which is of interest with respect to the later analysis. 
The following figures give examples of the identical behavior of the two types 
of action potentials. Fig.  11 corresponds to Fig. 4. The node was placed in 0.5 
M Na-free KCI solution and was stimulated by the make of a constant cathodal 
current. The resulting action potential is seen in record 4. If now the stimulating 
current is broken at different times during the action potential, the potential 
falls  sooner.  The  action  potential  shortens  (records  1  to  3).  The  later  the 
stimulating current is interrupted, the shorter is the time between the end of 
the current and the fall of the potential. If the current is interrupted during the 
first third of the action potential, the duration of the action potential does not 180  EFFECTS  OF  EXTERNAL  CURRENT  ON  ACTION  POTENTIAL 
become any shorter. Thus the characteristics of the duration are the same as in 
Fig. 4,  with the  one exception  that  the  absolute values of the duration differ 
by a  factor of 300.  It must be mentioned,  however,  that  the  behavior of the 
action potential in Fig. 11 is not the rule. Action potentials after depolarization 
and in KC1 very often last as long as the stimulating current flows (see Fig. 15). 
In Fig.  12 A is shown an experiment similar to that in Fig. 7, records a to d. 
FIG.  12.  A, effect of a short cathodal current superimposed on action potential of 
node in 0.1 ~ KC1. Bullfrog.  July 2, 1954. 
B, turning off of an action potential in 0.1 M KC1 by a short anodal current of in- 
creasing  strength. Single node in 0.1 M KC1. Bullfrog.  August 3, 1954. 
A  short  cathodal pulse is imposed upon  the  action potential.  As  a  result  the 
action  potential  shortens  considerably.  The  anodal  pulse  turns  the  action 
potential off just as it does in Fig. 7, records 1 to 4. However, the break of the 
anodal pulse does not initiate a  new action potential, because the stimulating 
current was turned off shortly after the start of the action potential; the level 
to which the potential returns after the break is not negative enough. The same 
phenomenon can be seen with the normal action potential. It was also described 
by Weidmann (1956) for the heart action potential. 
The changes of duration  during  the relative refractory period are shown in PAUL MUELLER  181 
FIG.  13.  Changes of the duration of an action potential from a  node in 0.1  M KCI 
during the refractory period. Bullfrog. December 1,  1955. 182  EFFECTS OF EXTERNAL  CURRENT  ON ACTION POTENTIAL 
Fig. 13 for a node in 0.1 M KC1. The parallel betweea this and Fig. 6 is obvious 
and needs no further colmnent. 
A fact which does deserve mention is that the change of duration during the 
refractory period does not parallel the changes of the resting potential after the 
first spike.  Although  positive overshoots do sometimes occur,  the  shortening 
FIo.  14,  Effect of changing the resting potential by external current on the duration 
of an action potential from a node in 0.1 ~t KCk Record 1 shows form of stimulating 
current but not the polarizing  current. Five successive sweeps superimposed.  Interval 
between  each sweep was 5 sec. Bullfrog.  December I, 1954. 
of  the  action  potential  during  the  refractory  period  can  take  place  in  the 
absence of such overshoots. 
In Fig. 5, it was shown that the duration of an action potential in hypertonic 
solution increases if the resting potential is displaced  to the negative side.  In 
Fig,  14 the same phenomenon is shown for an action potential in 0.1  •  KCI. 
Record 1 shows the form of the stimulating current. This current was imposed 
on  constant  polarizing  currents  of different  strength.  The resulting potential 
changes are seen in record 2. Corresponding tracings are labelled with the same 
Fetter. Five successive sweeps were photographed on one plate. For the strongest 
depolarization  (sweep a)  no action potential is seen.  In sweep b an action po- 
tential appears which lasts longer than the sweep. As the constant polarization PAUL M'UELLER  183 
FIG.  15.  Effect of increasing duration of the stimulating current on the duration 
of an action potential in 0.1  M KC1. Repolarization does  not occur as long as  the 
stimulating current flows. Single node. Bullfrog. May 23,  1955. 184  EFFECTS  OF  EXTERNAL  CURRENT  ON  ACTION  POTENTIAL 
FIG.  16.  Records  1  to  2. Effect of  rectangular  anodal  current  applied  during  an 
action potential of a  node in 0.1 ~  KC1. 
Records 3  to 4.  Same as record 2, but from different preparation.  Repolarization 
and depolarization take place in two steps. 
Records a  to c.  Same as  records  1  to  4,  but from  different preparation.  Strength 
of the anodal current was increased from record a  to c. Bullfrog. March 2 and 3,  1955. PAUL  MUELLER  185 
is shifted to the positive side the action potential becomes shorter (sweeps 6 
and d). In sweep e the action potential falls immediately after the break of the 
stimulating current. As in Fig. 5, the shorter the action potential is, the steeper 
is the last phase of repolarization. 
It was mentioned that the action potentials in KCI and after depolarization 
often  show peculiar  characteristics  in  their  duration.  In  the  normal  action 
potential repolarization occurs spontaneously, no matter whether the stimu- 
lating  current flows or not.  The action potentials  in  KC1,  however, usually 
last as long as the stimulating current flows.  In Fig.  15,  the duration of the 
FIG. 17.  Potential changes  at a  node of Ranvier  (upper record)  as  response  to 
anodal and cathodal currents (lower record).  See text. Node in 0.1 M KC1. Bullfrog. 
March 3, 1955. 
stimulating  current  was  varied.  For  a  short  duration  (record 1)  the  action 
potential falls with a  latency of 1.3  sec.  after the end of the current. As the 
current duration  is  increased  (records 2  to 4),  the  turn-off latency decreases 
just as in Figs. 4 and 11. At the same time the duration of the action potential 
increases. However, there is no spontaneous repolarization. The action poten- 
tial  lasts  as  long  as  the  stimulating  current.  Even  with  currents  of several 
minutes'  duration no repolarization occurs. In this case the excitable system 
obviously has two stable states: the "active" state during which the depolar- 
izing  process is  large,  and  the  inactive,  or  resting  state,  during  which  this 
process is small. Which of these two states prevails is determined by the po- 
tential across the system. If the potential is lowered beyond a  certain value, 
the system switches rapidly into the active state. If it is raised, the system goes 
back to the resting state. In the normal node only the resting state is stable. 
It will be shown in a forthcoming paper that a change in the properties of the 
repolarizing process can sufficiently account for the atypical behavior of the 
action potentials in KC1, and after depolarization. Since in KCI, etc. the excit- 
able  system  can  be kept in  the  active state  for a  long  time,  conditions for 
bringing the system back into the resting state can be easily studied. 
Figs. 16 and 17 confirm that the kinetics of the potential changes for turn-off 
of the action potential are essentially a mirror image of the ones for the initia- 186  EFECTS  OF  EXTERNAL  CURRENT  ON  ACTION  POTENTIAL 
tion (i.e.  the turning-on) of the action potentials. The switching from the active 
to the inactive state by an anodal current follows the same rules as does the 
initiation  of  the  action  potential  by  a  cathodal  current.  In  all  records  of 
Fig.  16 the base line at the start of each sweep corresponds to the active state. 
An action potential of a node in 0.1 M KC1 was initiated by the make of a con- 
stant cathodal current  and the action potential lasted as long as this current 
(that is, throughout the experiment). A small anodal current of 1.5 sec. duration 
gives the potential change shown in record 1. This current is subthreshold for 
the  turn-off of the  active state.  In record  2  the  anodal  current  was  slightly 
increased. After a small step the potential falls with a latency of 0.2 sec. down to 
the positive side.  The  action potential is turned  off. The excitable system is 
brought back to the resting state, and stays in this state as long as the anodal 
current flows.  As soon as the current is turned off, the system returns  to the 
active state. 
In some preparations the transition from the active to the resting state takes 
place in two steps.  This is the case in Fig.  16,  record 3.  The  steps are more 
pronounced during  the  turn-off.  Since  the  transition  from the  resting  to  the 
active state  takes place so quickly,  the  step is recognizable only by a  slight 
thickening of the sweep during the fast rise on the potential (arrows in records 
3  and 4).  In record 4  the  anodal current was stronger.  Therefore the second 
step during the fall of the potential is shorter. The strong anodal current has 
still another effect. 400 msec. after the make of the current the potential breaks 
down with small irregular steps. The resulting depolarization is able to cause the 
transition from the resting to the active state even before the anodal current is 
broken. 
The latency for the transition from the active to the resting state depends 
upon the strength of the anodal current, just as the latency for the transition 
in the opposite direction is dependent on the strength of the cathodal current. 
This is shown in Fig.  16, records a  to c. An anodal rectangular current of 400 
msec. was applied during the active state. The potential falls with decreasing 
latency as the current strength is increased (records b and c). The short positive 
overshoot at the end of the turn-off is Seen only in a few preparations. 
Turn-on  threshold  and  turn-off threshold  both  undergo  certain variations 
after the transition from one state to the other.  This is illustrated in Fig.  17 
in  which  the  lower  trace  giv~es the  current,  while  the  upper  one  shows  the 
corresponding potential changes. At the start of the sweep the system was in 
the active state. From there it is brought back to the resting state by an anodal 
current (1). This current was just above the turn-off threshold. Its break is not 
able to cause a  transition back to the active state. A  short cathodaI pulse  (2) 
is also below the turn-on threshold.  Anodal currents  (3  and 4)  applied during 
the resting state cause potential changes with positive and negative overshoots. 
4 sec. after the turn-off a cathodal current (5) which is of the same duration and PAUL  MU-ELLER  187 
strength as (2) is now above the turn-on threshold.  The system goes into the 
active state. Anodal currents (6, 7, and 8) applied duringthe active state generate 
only small, almost rectangular potential changes. The height of these potentials 
increases as the current is made at a  later time after the turn-on.  Finally the 
anodal current (9) reaches the turn-off threshold. The potential falls back to the 
positive side. 
Thus,  after a  transition from one state  to  the  other,  the  threshold  for the 
transition back to the original state decreases from a maximum with a certain 
time constant until it reaches a constant value. As a result there exists a refrac- 
FIO. 18.  A, effect  of displacing  the  resting potential to the negative side by ex- 
ternal current on amplitude and latency of the action potential. Single node in Ringer's. 
Bullfrog.  October 18,  1954. 
B, effect of displacing  the resting potential to the negative side on the amplitude 
of an action potential in 0.1 ~  KC1. Two superimposed  sweeps. The arrow indicates 
the break of the stimulating current. Only the first 60 msec. of the action  potential 
is seen. Bullfrog.  April 23, 1955. 
tory period not  only after the  end,  but  also after the  start of the  action po- 
tential. 
Obviously there is no basic difference in the kinetics of potential changes as a 
function  of  the  external  current  for both  the  normal node,  and  the  node  in 
KC1, or after depolarization; the conclusions concerning changes of a depolariz- 
ing and repolarizing process should apply equally well to both types of action 
potential. 
The fact that with the action potential in KCI repolarization does not occur 
spontaneously if the potential is kept far enough on the negative side could be 
explained by assuming that  in  this  case the  repolarizing process does not in- 
crease sufficiently. 188  EFECTS  OF  EXTERNAL  CURRENT  ON  ACTION  POTENTIAL 
Amplitude Changes 
Since the action potential is considered as a function of the external current, 
it can be expected that not only the duration but also the amplitude will depend 
on the applied current. 
FIG.  19.  Effect of increasing  the  strength  of  the  stimulating  current  (cathodal 
make)  on  the amplitude of  an  action potential  from  a  slightly  depolarized  node. 
Bullfrog. October 14, 1954. 
In Fig. 18 A a node was stimulated by the make of a constant cathodal cur- 
rent. In addition to the stimulating current, the resting potential was displaced 
toward  the  negative  side  by  cathodal  currents  of  various  strengths.  Seven 
sweeps  were  superimposed.  The  lowest  base  line  corresponds  to  the  normal 
resting potential.  With increasing depolarization not only the  amplitude but 
also  the  maximum  potential  reached  during  the  peak  decreases markedly. 
The total loss  of amplitude,  therefore, is larger than the displacement of the ~AUL~LLER  189 
resting potential. For the heart muscle fiber similar changes have been described 
(Weidmann, 1956). The nature of the depolarizing agent is of no importance. • 
Thus a depolarization by KC1 or by ether is equally effective. 
Action potentials in KC1 and those after depolarization often show the s3me 
behavior. In Fig.  18 B  the first 50 msec. of two such action potentials were 
photographed on one plate. Stimulation was made by a  cathodal current the 
break of which is indicated by an arrow. A  small decrease of the resting po- 
tential (b) causes a large loss in amplitude even after the end of the stimulating 
current.  Due  to  the  lower threshold during the  depolarization,  the latency 
decreases considerably. The initial spike also increases. Whenever there is an 
initial spike, the amplitude of this spike can be varied by the strength of the 
stimulating current. The more this current exceeds the threshold, the larger 
the spike is. 
Under  certain  conditions  the  same  phenomenon is seen with the normal 
action potential. If the node is depolarized, either by an outward current, or 
by any other  chemical agent,  the  amplitude of  the  action potential varies 
with the stimulus strength. In Fig. 19 the node was slightly depolarized by a 
constant cathodal current. As the strength of the stimulating current is in- 
creased, the action potential increases from a small hump to its full size. Under 
such conditions a distinction between subthreshold response and action poten- 
tial cannot be made, A similar graded response was described by Altamirano, 
Coates, and Grundfest (1955). 
Thus  there  are  two factors  which influence the  amplitude of the  action 
potential. One is the level of the resting potential; the other is the amount by 
which the stimulus surpasses the threshold. Both can compete with each other. 
A slight depolarization tends to decrease the amplitude. At the same time that 
the threshold is lowered, the stimulus goes more above threshold, and tends to 
increase the amplitude. This would explain why in some cases depolarization 
can cause an increase of amplitude. 
DISCUSSION 
It was shown that the potential generated by the excitable system changes in 
a  characteristic  way under the influence of externally applied currents.  For 
reasons stated in a subsequent paper it may be assumed that not the external 
current but the potential field established by this current is the direct cause of 
the potential changes generated by the excitable system. 
From the experimental results some general conclusions were drawn. They 
can be summarized as follows:- 
If the potential across the system is displaced towards the negative side, a 
depolarizing process increases,  causing the rise phase and the plateau of the 
action potential. At the same time (i.e.  also under the influence of the depolari- 
zation) a repolarizing process increases which tends to bring the potential back 
to the positive side. If, during an action potential, the potential is displaced 190  EFECTS  OF  EXTERNAL  CURRENT  ON  ACTION  PTOENTIAL 
towards the positive side by an external current, depolarizing and repolarizing 
processes both decrease. 
The system has two states: the resting state, during which the repolarizing 
process exceeds the depolarizing process, and an active state, during which the 
opposite relation prevails. Normally only the resting state is stable. However, 
for the action potentials in KC1,  after depolarization, or in veratrine,  both 
states can be stable, the transition from one state to the other being determined 
only by the externally applied potential. 
Increase and decrease of depolarizing and repolarizing processes do not take 
place with infinite speed. Since both processes decrease after a sudden displace- 
ment of the potential to the positive side, the action potential could be turned 
off by this procedure only if the decrease of the depolarizing process took place 
at a faster rate than the decrease of the repolarizing process. The same must be 
true for the increase of both processes after a displacement of the potential to 
the negative side. 
Testing the turn-off threshold during the action potential, it was found that it 
follows almost exactly the time course of the potential. On the one hand this 
would mean that the repolarizing process is increased not only by the externally 
applied potential, but also by the action potential itself. On the other hand it 
means that,  since the turn-off threshold depends on the difference between 
depolarizing and repolarizing processes, the action potential itself must also be 
determined by this difference. 
Furthermore it may also be assumed that the depolarizing process depends 
on the action potential as well as on the externally applied potential. It then 
follows that the individual values of the depolarizing and repolaxizing processes 
at each time are  a  function of the difference of these values, and that this 
difference is identical with  the potential.  The  situation becomes clearer  if, 
instead of "depolarizing and repolaxizing processes," the term "electromotance" 
is used. 
Two electromotances of opposite sign cause depolarization and repolarization, 
and  the potential across  the  system is  determined by the difference of the 
absolute values of these two electromotances while their value in turn depends 
on the potential. 
In a subsequent paper it will be shown that a system of two electromotances 
which are linked to the potential in the manner described above, may suffi- 
ciently account for the  entire  kinetics  of  the potential  at  a  single node of 
Ranvier. As to the nature of the electromotance, no assumption need be made, 
nor does the analysis allow specific conclusions. 
The author wishes to thank Dr. R. Lorente de N6 for his generous help during this 
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